Hole concentration dependence of the magnetic moment in superconducting and 

insulating La2 xSr^Cu04 
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Recent neutron scattering measurements on the La2-iSri:Cu04 system have revealed a drastic 
change of the incommensurate static spin correlations from diagonal in the insulating region to 
parallel in the superconducting region. We report the doping dependence of the ordered magnetic 
moment for the hole concentration region 0.03 < a; < 0.12, focusing on the relationship between the 
static magnetism and the superconductivity. The elastic magnetic crosssection decreases monoton- 
ically with increasing x for 0.03 < a; < 0.07. We find that the ordered magnetic moment n varies 
from ~ 0.18 ^ib/Cu {x — 0.03) to ~ 0.06 /is/Cu (x = 0.07). No significant anomaly is observed at 
the insulator-superconductor boundary {x ~ 0.055). The elastic magnetic cross section is enhanced 
in the vicinity of a: = 0.12 where resolution limited width peaks are observed in neutron scattering 
measurements and where the apparent magnetic and superconducting transitions coincide. 
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I. INTRODUCTION 

The high-Tc superconducting material La2-a;Sr2;Cu04 
exhibits a remarkable dependence of both its magnetism 
and its conductivity on the hole concentration x. (Ref. 
1) In particular, the discovery of dynamic incommenj/iu 
rate (IC) spin correlations in superconducting samplescTu 
stimulated investigations of the correlation between the 
microscopic magnetism and the high-Tc superconduc- 
tivity. Specifically, in superconducting samples inelas- 
tic IC magnetic peaks have been observed by neutron- 
scattering experiments at the IC positions with a ^ 45° 
in polar coordinates as shown in the right inset of Fig. 
1(a). We refer to these type of satellite peaks as "par- 
allel" incommensurate (PIC) peaks. Systematic neutron 
scattering experiments in the superconducting region by 
Yamada et aln revealed that the incommensurability S 
of the PIC peakda follows the linear relation S — x for 
0.06 < a; < 0.12_pyery sharp elastic IC magnetic peaks 
are also reportedlZlli at the same PIC positions only in the 
vicinity of the special 1/8 hole concentcajtipn. 

On the other hand, Wakimoto et alutn found a new 
class of elastic IC magnetic peaks in the insulating x = 
0.04 and 0.05 samples at the positions with a ~ 90° as 
shown in the left inset of Fig. 1(a). We refer to these 
peaks as "diagonal" incommensurate (DIC) peaks. Mat- 
suda et alSJi confirmed the existence of the static DIC 
phase down to Sr concentrations as low a,s x = 0.024 as 
well as_the linear relation 6 — x m the insulating DIC 
phaseJlj The detailed nature of the transition from the 



insulator to the superconductor and concomitantly the 
DIC to kke PIC magnetic phase has been also clarified 
recentlyJ13 

It is clear from the phcnomenological evidence dis- 
cussed above that the IC nature of both the "static" 
and "dynamic" magnetic correlations relates closely to 
the superconductivity. However, it is not yet fully un- 
derstood what the intrinsic relation is between the static 
moment and the superconductivity. Some previous neu- 
tron scattering studies have reported an enhancem^ 
the static component at the 1/8 hole_concentratio: 
while other experimental techniquesEj have suggested a 
competitive relation. On the other hand, coexistence of 
the superconductivity and static IC magnetic ordcjr has 
been reported in stage-4 La2Cu04+5 by Lee et aZ.E3. Fur- 
thermore, systematic muoruspin resonance (/iSR)lZI and 
nuclear magnetic resonancetS measurements from the in- 
sulating region to the underdoped superconducting re- 
gion have revealed that static (or quasi-static) magnetic 
order exists up to x = 0.10 and that the spin-glass order- 
ing temperature varies continuously across the insulator- 
superconductor boundary x 0.055. These results sug- 
gest that superconductivity and static magnetic order are 
at least compatible. 

To understand the intrinsic relation between the su- 
perconductivity and the static magnetic order we have 
carried out a quantitative comparison of the elastic 
magnetic neutron-scattering cross section over the con- 
centration range 0.03 < x < 0.12 taking into ac- 
count the IC peak geometry. We deduce the ordered 



1 



40 

Q 30 

o 
H 

20 
10 



U 



0.25 
0.2 

0.15 
0.1 

0.05 



La2.,Sr^Cu04 



(a) 

k(tclj 



/ PIC 

O-t-0 




(b) 



/ 



\ 



0.02 0.04 0.06 0.08 0.1 0.12 0.14 
Hole concentration x 

Figure 1 

FIG. 1. X dependence of (a) superconducting transition 
temperature Tc obtained from Ref. 23 and (b) magnetic mo- 
ment. The insets show the IC peak geometries in the recipro- 
cal space. Moment value for x = 0.12 is reported in Ref. 22. 
Solid and dashed lines are guides to the eye. 



a magnetic unit cell, the angle of the Cu^+ spins with re- 
spect to the scattering vector, and the magnetic structure 
factor, respectively. The spin structure in the x — 0.05 
sample at low temperatures can be understood by a spin- 
glass cluster modeO in which each cluster has the un- 
doped La2Cu04-typc spin structure with random spin 
orientation in the plane. With this structure, n = 4 and 
F{h,k,l) = i+e-'^^('=+0_e-'^^(^+fc)-e-"('+''). Since the 
spin direction in each cluster is random, the factor sin^/3 
in Eq. (|l|) should be modified to be < sin^/3 >= 1/2, 
where < > means an average over all of the clusters. 

The relation between the calculated and observed in- 
tegrated intensities is 
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where B is the extinction factor for the nuclear Bragg 
peak and the ratio A is a constant that can be determined 
experimentally. The indices M and N mean magnetic 
and nuclear scattering, respectively. From Eqs. (|l|) and 
(0), the magnetic moment /i can be described as 



p2/^(Q) -"^ < sin^/3 > \F{h,k,l)\ 



(3) 



magnetic moment which contributes to the elastic cross- 
section, and find that the ratio between the statically 
ordered and dynamically fluctuating components changes 
systematically with x. The Cu^"*" moment in undoped 
La2Cu04 is known to be ^ 0.6 /is/Cu. Throughout this 
paper, we use Miller indices based on the orthorhombic 
Bmab structure. 



II. EVALUATION OF MAGNETIC MOMENT 

FOR X = 0.05 

A. Fundamental formula 

Before we discuss the s-dependence of the magnetic 
moment, we first present in this section the evaluation 
procedure for the magnetic moment in Lai.g5Sro.o5Cu04. 
Once the moment in x = 0.05 has been determined, the 
moments in the x = 0.03 and 0.04 samples can be esti- 
mated from the relative integrated intensity of the mag- 
netic IC peaks as discussed in the next section. 

From the definition of the magnetic structure factor, 
the calculated integrated intensity of the magnetic peaks 
can be described using the magnetic moment fi as below. 

\FM\lai ^ P^fiQ)n'f^'sm'f3\F{h,k,l)\'. (1) 

In this formula, p/(Q) is the neutron magnetic scattering 
length, where p — 0.2696 cm for 5* = 1/2 spins. /(Q) 
is the Q-dependent magnetic form factac,for the Cu^"*" 
spin that has been previously measured.Ej The parame- 
ters n, P and F{h, k, I) represent the number of spins in 



B. Integrated intensity 

In order to determine the parameter A, we made scans 
across the IC magnetic peaks and the (002) nuclear Bragg 
peak without changing the spectrometer configuration 
using the same x = 0.05 crystal studied in Ref. 8. 
The measurements were performed on the BT9 thermal- 
neutron triple-axis spectrometer installed at the NIST 
research reactor with the collimation sequence 20'-20'-S- 
20'-open and an incident neutron energy of 14.6 mcV. A 
Pyrolytic graphite filter was installed to eliminate con- 
tamination from higher-order neutrons. For the evalua- 
tion of \Fn\Ii,s and |-Fjvlca/i '^^ utilized the (002) peak 
that was found to have a small extinction factor {B 1) 
in a preliminary crystallographic experiment. Actual 
scan profiles of the (002) peak and the IC peaks are shown 
in Figs. 2(a) and 2(b), respectively. The scan trajectory 
for Fig. 2(b) is shown in the upper panel. Both scans 
were made by changing only the sample rotation angle 

LU. 

Usually, integrated intensities for "resolution-limited" 
peaks, such as nuclear Bragg peaks, can be directly ob- 
tained from cj-scans with |^jv|of,^ ^ ^ I I{i^)duj. Here R 
is the Lorentz factor 1 / sin(26') where 29 is the scattering 
angle and /(w) is the measured intensity. However, the 
IC magnetic peaks in a; = 0.05 have widths that are larger 
than the resolution. This is schematically illustrated in 
Fig. 3. If the peak width Ka is larger than the resolution 
width Wa , the integration along the one-dimensional tra- 
jectory shown by an arrow gives the integrated intensity 
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FIG. 2. Peak profiles of (a) the (002) peak and (b) the IC 
elastic magnetic peaks for x = 0.05. Both are measured by 
changing sample-rotation angle lu. The scan profile for (b) 
is shown in the left upper panel. Solid lines are fits by the 
Gaussian function. 

only of the A part of the peak cone, and the intensities 
in the B parts will be missed. 

In our measurements of the IC peaks around (100), the 
Ka and Wa values are 0.094 and 0.0165 A~\ respectively, 
and Kb is 0.045 A^^. In this configuration, the actual 
in-plane integrated intensity for one IC peak should be 
described as = 1.6i? / I{uj)duj. The factor 1.6 is 

the volume ratio of the total peak cone and the A part 
in Fig. 3. 

The same consideration must be taken into account for 
the peak width along the direction perpendicular to the 
scattering plane, that is, the c* direction. As reported 
in Ref. 10, the L dependence of the IC peak in the x — 
0.05 sample is very broad. Thence, we should utilize the 
intensity integrated over the Brillouin zone, that is, for 
— 1 < L < 1. From the vertical instrumental resolution 
(~ 0.13 A~^), the correction factor for the peak spread 
along the c* direction is estimated to be 4(±0.5), which 
multiplies \F'\l^^. 

To evaluate the parameter A, we utihzed \FM\obs ^ 
S I ^' lobs' where the summation is made for every IC 
peak around the (100) position for all orthorhombic-twin 
domains. With the procedure above and Eq. (||), we 
finally obtained - 0.13(±0.02) /xb/Cu for x = 0.05. 



III. RESULTS AND DISCUSSION 

The magnetic properties of the x — 0.03 and 0.04 
samples are essentially the same as those of the x — 
0.05 system showing spin-glass behaviorO and the DIC 




FIG. 3. Schematic illustration showing the broad peak and 
instrumental resolution, and ni, correspond to the full 
width at the half maximum of the IC magnetic peak along 
the orthorhombic a* and 6* axis. Wa is the instrumental 
resolution width along the a* axis. 



peaks£2lllJ These facts suggest the same magnetic struc- 
ture in these compositions. Therefore, the magnetic mo- 
ments for X — 0.03 and 0.04 can be estimated by a di- 
rect comparison of l-Fjvf lob^ normalized by sample volume. 
For X = 0.06 and 0.07, we also compared the normalized 
l-^Af|o6s from the elastic cross sections reported in Ref. 
13 that demonstrated that the x = 0.06 sample shows 
DIC and PIC components while the x = 0.07 sample 
shows only PIC components. The magnetic moments for 
these compositions are also evaluated from their normal- 
ized \FM\obs calculated by summation of the integrated 
intensities of all the IC peaks around (100). 

We note that the L dependence of the IC peaks in^he 
X — 0.024 material as reported by Matsuda et aZO is 
clearer than that in the x = 0.05 sample. This means 
that the correction factor for the peak spread along the 
c* direction should decrease with decreasing x. Thence, 
we estimated the correction factors for x = 0.03 and 0.04 
to be between 3 and 4, where the lower value 3 was cal- 
culated from the L dependence of a; = 0.024. The ambi- 
guity of this factor is shown as error bars in Fig. 1(b). 
For X — 0.06 and 0.07, the L-correction factor of 4(±0.5) 
was utilized. 

The resultant magnetic moments tog^iier with that 
for X = 0.12 reported by Kimura et aZ.c3 are summa- 
rized in Fig. 1(b). Figure 1(a) -shows the x dependence 
of Tc reported by Takagi et al£3 First we discuss the x 
dependence of the magnetic moment near the insulator- 
superconductor boundary x ~ 0.055. The magnetic mo- 
ment decreases monotonically across the boundary al- 
though we cannot exclude the possiblity of a small drop 
at the boundary. In a previous study in the lightly doped 
region, it was reported that the elastic magnetic cross 
section was constant for 0.03 < a; < 0.05 and suddenly, 
decreased at the insulator-superconductor boundary.EHl 
However, in that analysis, the integration of the cross 
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section was made only along the one-dimensional scan 
so that the cross section outside the instrumental resolu- 
tion was not properly taken into account. Moreover, the 
correct IC peak geometry was not known at that time. 

Other characteristics of the elastic IC peak have 
been reportedE^I to be continuous across the insulator- 
superconductor boundary, such as the peak width and 
the onset temperatures where the elastic IC peaks be- 
come observable. Thus, the only dramatic change in the 
magnetic state at the boundary is the change of the IC 
modulation direction. This collection of evidence sug- 
gests that it is the transition from the DIC to PIC mag- 
netic state rather than any decrease of the static ordered 
component that strongly correlates with superconductiv- 
ity. 

In Fig. 1(b) we draw the dashed line as a guide to 
the eye so that the moment has a sharp maximum at 
X = 0.12 since the sharp and intense IC elastic peaks 
have only been observed in the vicinity of x = 0.12.0 
It should be noted that the ordered phases in samples 
with 0.03 < a; < 0.07 compared with that in x = 0.12 
are different. The former has a small correlation length 
^ ^ 20 A, while the latter shows resolution-limited peaks 
that correspond to ^ > 200 A. Such a long-range ordered 
state might affect the superconductivity differently from 
the quasistatic glassy state observed in 0.03 < x < 0.07. 
Further study of the intrinsic difference between these 
ordered states is required to clarify the relation between 
the static magnetic order and the superconductivity. 

Finally, we briefly mention the recent results of /iSR 
meaauxements on the La2--xSra;Cu04 system by Uemura 
et aZo They reported that the ordered magnetic moment 
is almost constant at ~ 0.3 /xb/Cu in Lai.88Sro.i2Cu04 
and stage-4 La2Cu04-i-5, however they infer that the vol- 
ume fraction that contributes to the statically ordered 
signal may be different .£3 We should note that the sys- 
tematic change of the ordered moment in the lightly 
doped region as reported in this paper may be caused 
by the same feature, that is, it is possible that only the 
volume fraction of the ordered phase instead of the or- 
dered moment varies with a;, since we cannot uniquely 
determine the volume fraction from our neutron scatter- 
ing measurements. 
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